Introduction
Animals that form societies, particularly humans, have developed the ability to deal with complex interindividual relationships through social cognition [1] . Although these interactions typically occur between conspecifics, they can also extend to heterospecifics [2] . One example is the social interaction that occurs between humans and companion animals, which are often treated like family members. Many humans receive emotional support from companion species [3] and have sincere concern for their welfare [4] . Interactions with animals might also help children to develop empathetic ability [5] . Thus, it seems to be important to know the neural mechanisms underlying heterospecific social interactions or the roles of cognition and emotion in this process.
Recent imaging studies have begun to explore the neural underpinnings of conspecific social cognition using various tasks, including face recognition [6] . Faces convey critical information for social cognition, as the recognition of individuals and their emotional states constitute the fundamentals of interpersonal relationships [1] . In particular, recognizing familiar faces, such as those of family members, activates the amygdala [7] and the medial prefrontal areas, including the anterior cingulate cortex [8] . Parts of the anterior cingulate cortex are rich in spindle-shaped output neurons that are present in great apes [9] . In addition, abundant connections with the limbic and prefrontal areas render the anterior cingulate cortex adequate for representing society [10] , including the family, which is one of its most critical constituents. The anterior cingulate cortex can be divided into the affective rostroventral anterior cingulate cortex and the cognitive caudal anterior cingulate cortex [11] . Several types of activity were expected to occur in the anterior cingulate cortex during the recognition of heterospecific and conspecific family members. We hypothesized that faces of human and canine 'family' members would evoke similar responses in the rostroventral anterior cingulate cortex, which might support the processing of social information closely related to emotion. In addition, we predicted that the recognition of familiar human faces would evoke complex cognitive reflection, which might involve the analytical caudal anterior cingulate cortex regions [11] [12] [13] [14] .
Materials and methods

Participants
Seventeen healthy volunteers (11 men and six women) participated in this study. All participants had one or two companion dogs and none reported critical family problems. Four additional volunteers (one woman) participated in a control experiment for recognition of familiar objects. All individuals gave written informed consent to participate in the study and the protocol was approved by the local ethics committee.
Stimuli
The stimuli comprised grayscale digital photographs of faces and mosaic patterns. Luminance and contrast were roughly adjusted across the stimuli. In total, six types of face stimulus were prepared specifically for each participant: family, newly learned and unfamiliar human faces (FH, NH and UH, respectively), and family, newly learned and unfamiliar dog faces (FD, ND and UD, respectively). The human facial expressions ranged from neutral to a faint smile. Two types of mosaic pattern were created: newly learned mosaics (NM) and unfamiliar mosaics (UM). The numbers of face and mosaic images in each category varied from 14 to 20, according to availability. Each stimulus subtended visual angles of B101 vertically and horizontally. All facial stimuli were superimposed onto a white background of 640 Â 480 pixel size, after removing the original backgrounds of the photographs. Similarly, pictures of personally familiar and newly learned objects were prepared for the object-recognition experiment. The objects were personal belongings such as cell phones. The stimuli were presented for 300 ms in a semirandom order and the interstimulus intervals were varied between 5 and 10 s.
Experimental procedures
Participants were asked to memorize a predetermined set of stimuli, consisting of NH, ND and NM. To assess the complete memorization of NH, ND and NM, participants saw pictures of FH, FD, NH, ND, NM and UM (18 pictures in total) and judged whether they knew them or not before the imaging experiment. During scanning, the stimulus presentation was controlled by a personal computer synchronized with the MRI scanner. The onset of the stimulus presentation was semirandomly staggered with the acquisition onset of each functional image. In the MRI scanner, the participants judged whether they had previously seen the presented images and reported their answer by pressing one of the two buttons. The accuracy and response times were recorded. The participants maintained visual fixation on a crosshair at baseline. In total, 439 volumes were acquired in each imaging run (18 min 17.5 s). Two imaging runs were administered for each participant. The same stimulus was not presented twice within a single run and stimuli from unfamiliar categories were not repeated in the second run.
After the functional MRI (fMRI), the participants reported on how much support they received everyday from their human family members and companion dogs, using the Scale of Expectancy for Social Support (SESS) [15] and the Animal Companionship and Support Scale (ACSS) [16] , respectively. Nine participants also rated subjective valence and arousal to each facial stimulus, using scales ranging from 1 (most negative or least arousal) to 9 (most positive or most arousal).
Image acquisition
FMRI experiments were conducted on a 3-T scanner equipped with a volume headcoil (Siemens Trio, Erlangen, Germany). Functional images were obtained in a T2*-weighted gradientecho echo-planar imaging sequence with prospective motion correction. The image-acquisition parameters were as follows: repetition time (TR) ¼ 2.5 s; echo time (TE) ¼ 30 ms; flip angle (FA) ¼ 901; field of view (FOV) ¼ 192 mm; matrix ¼ 64 Â 64; 40 interleaved axial slices with 3-mm thickness without gaps (3-mm cubic voxels). The first two volumes were not saved to allow for signal stabilization.
For anatomic images, T1-weighted three-dimensional structural images were also obtained using a magnetization-prepared rapid-gradient echo sequence. Each participant lay supine on a scanner bed, with a button-response device held in the right hand. The participants viewed visual stimuli that were back-projected onto a screen through a built-in mirror. Foam pads were used to minimize head motion.
Image analysis
The fMRI data were analyzed with SPM2 (Wellcome Department of Imaging Neuroscience, University College London, London, UK) implemented on MATLAB 6.5 (Math-Works, Natick, Massachusetts, USA), using the principles of the general linear model [17] . The functional images were corrected for differences in slice-acquisition timing and were then spatially realigned to the first image of the initial run to adjust for residual head movements after prospective motion correction. The realigned images were spatially normalized to fit to a Montreal Neurological Institute template [18] based on the standard stereotaxic coordinate system [19] . Subsequently, all images were smoothed with an isotropic Gaussian kernel of 12-mm full-width at half-maximum. Each of the eight stimulus conditions was separately modeled as a regressor for the first-level multiregression analysis. This analysis was performed for each participant, to test the correlation between the MRI signals and a train of delta functions (representing event onsets) convolved with the canonical hemodynamic response function and its temporal derivative. Global signal normalization was performed only between runs. Lowfrequency noise was removed using a high-pass filter with a cutoff of 128 s and serial correlation was adjusted using an AR(1) model. By applying the appropriate linear contrast to the parameter estimates, mean-effect images reflecting the magnitude of correlation between the signals and the model of interest were computed. These were used for the subsequent second-level random-effect model analysis. Group-level statistical parametric maps were produced using the one-sample t-test.
For the correlation analysis, the raw SESS and ACSS scores were used as regressors at the second level. The statistical parametric map (SPM){t} was first thresholded at Po0.001 and the significance of the activity was defined by the cluster-level P value corrected for multiple comparisons for the entire brain (Po0.05). For the caudal anterior cingulate cortex, a small volume correction analysis was applied (false discovery rate corrected, Po0.05) for both the interaction and correlation analyses. The center coordinates (x ¼ À9, y ¼ 6, z ¼ 42) of a spherical region-of-interest with a 7.5 mm radius was determined on the basis of a previous report [13] showing the relationship of the caudal anterior cingulate cortex with higher-order interindividual interactions. The resulting activation maps were displayed on the anatomically normalized mean T1 image derived from all participants, to identify the anatomical correlates of the activity. The results are reported on the basis of the coordinates of the Montreal Neurological Institute template.
Results
Behavioral results
The accuracy was on average over 90% for all stimuli. A Wilcoxon signed-rank test was used to analyze the hit rates. No significant differences were found in the hit rates during fMRI between FH and NH (P ¼ 0.480), or between FD and ND (P ¼ 0.686). The hit rates demonstrated similar levels of robustness in the familiarity of recognizable faces between the human and dog conditions. The averaged response times were 762, 799, 774 and 871 ms for FH, NH, FD and ND, respectively. The response times were analyzed with two-way repeated-measure analysis of variance (ANOVA) followed by Bonferroni's posthoc two-tailed t-test. Significant effects of both familiarity and species were noted on response times (Po0.001 and ¼ 0.003, respectively). Specifically, the response to FH and FD tasks was significantly faster than that to NH and ND tasks (P ¼ 0.034 and 0.001, respectively).
Species-invariant and human-selective activities
To explore specific family-related activity, the familial and newly learned faces were contrasted separately for the conspecific (FH minus NH) and heterospecific (FD minus ND) conditions. Conjunction analyses revealed speciesinvariant activation during familial face recognition only in the rostroventral anterior cingulate cortex (coordinates: x ¼ À12, y ¼ 32, z ¼ À12; Z-value ¼ 4.34) at the whole-brain corrected threshold (Po0.05; Fig. 1a ). Interaction analyses were then conducted to identify familial human-selective activity (conspecific minus heterospecific) or dog-selective activity (heterospecific minus conspecific). The former was identified in the caudal anterior cingulate cortex (coordinates: x ¼ À8, y ¼ 12, z ¼ 44; Z-value ¼ 3.13) ( Fig. 1b ) after a small volume correction (Po0.05), whereas the latter did not reach statistical significance.
Psychological scales and anterior cingulate cortex activities
The imaging data (e.g. FH relative to baseline) were reanalyzed to identify any brain activity that covaried with these scores. Participants with higher perceived ACSS scores showed increased activity in the rostroventral anterior cingulate cortex, right anterior insula and pulvinar during FD recognition (Fig. 2b) . The ACSS-correlated rostroventral anterior cingulate cortex region overlapped with that showing species-invariant rostroventral anterior cingulate cortex activity during familial face recognition. The SESS scores were positively correlated with caudal anterior cingulate cortex activity during FH recognition (Fig.  2c ). This relationship was statistically significant after a small volume correction (Po0.05). This further supported the role of the caudal anterior cingulate cortex in processing only human interpersonal relationships. A confirmation analysis upheld the specificity of these correlations; there was no correlation between the caudal anterior cingulate cortex activity during family dog recognition and the ACSS score (r ¼ 0.387, P ¼ 0.124), or between the rostroventral anterior cingulate cortex activity during family human recognition and the SESS score (r ¼ 0.143, P ¼ 0.583).
The observed medial frontal activities could not be attributed to task difficulty, as the FH and FD tasks were relatively easier than the NH and ND tasks according to the response-time analysis. To determine whether valence or arousal differences could account for our findings, nine participants rated these parameters for each stimulus after the fMRI. The results showed that familiarity and species had no significant effects on the arousal rating (P ¼ 0.095 and 0.088, respectively). Significant effects on the valence rating were, however, observed for familiarity (P ¼ 0.004) and species (P ¼ 0.039). Valence was rated more positively for the family face condition than the other conditions (P ¼ 0.014 versus newly learned, P ¼ 0.008 versus unfami-liar). Notably, the overall effect of species was primarily due to the significantly higher valence ratings for UD than for UH (P ¼ 0.005). Brain activity was thus compared between UD and UH in the rostroventral and caudal anterior cingulate areas to examine the general effects of valence. Despite the significant valence disparity, the brain activity in the UD and UH conditions did not differ in the rostroventral anterior cingulate cortex (P ¼ 0.351) or the caudal anterior cingulate cortex (P ¼ 0.130). Thus, the arousal or simple valence component alone appeared unable to explain the observed rostroventral and caudal anterior cingulate cortex activities.
Finally, to ensure that the anterior cingulate activities did not merely reflect different degrees of familiarity, brain activity was compared between the newly learned and unknown faces. Simple familiarity-related activation was not detected in the medial frontal area according to this confirmatory analysis (Po0.01, uncorrected). To assess the possible effects of nonsocial, long-term familiarity, brain activity was compared between personally familiar and newly learned objects in four participants. Long-term familiarity to nonliving objects did not significantly activate the medial frontal area in a fixed-effect model group analysis (Po0.01, uncorrected). These additional data further supported the hypothesis that the rostroventral and caudal anterior cingulate activities more likely reflected long-term social familiarity than different degrees of familiarity or long-term nonsocial familiarity.
Discussion
At least two distinct activities were identified in the anterior cingulate cortex during the recognition of human and canine faces associated with long-term social familiarity: species-invariant activity corresponding to the affective rostroventral anterior cingulate cortex and species-selective activity corresponding to the cognitive caudal anterior cingulate cortex. Recently, the medial prefrontal cortex was shown to be active during the analysis of the psychological state of both dogs and humans [20] . Anatomically, the species-invariant rostroventral anterior cingulate cortex activity occurred in the most ventral parts of the medial prefrontal cortex and also partly in the orbitofrontal cortex, both of which have been implicated in social cognition [6] . For instance, previous imaging studies reported enhanced rostroventral anterior cingulate cortex activity when mothers saw their babies' faces [8] . Damage to the medial prefrontal cortex impairs decision-making ability [21, 22] . This condition is related to a failure to cooperate with family members and society [22] and is accompanied by emotional flattening [21] . These interactions between emotion and social cognition might be subserved by the reciprocal connections between the amygdala and rostroventral anterior cingulate cortex, which could be engaged in the emotional and autonomic analysis of internal states [23] . As we used an implicit social cognition task in this study, we might be able to approach the intuitive aspects of social cognition. In addition, rostroventral anterior cingulate cortex activity was associated with emotional support from companion dogs, but not with social support from human family members. This suggests that the social cognition represented in the rostroventral anterior cingulate cortex is basic, intuitive and emotional and might underpin longterm interindividual cross-species relationships. A previous study demonstrated greater caudal anterior cingulate cortex responses when Caucasian participants saw the faces of individuals from a different ethnic group than those from the same group [24] . This activity was significant only when the stimuli were presented for a relatively long duration, suggesting that cognitively controlled analysis was involved. These results suggest that the caudal anterior cingulate cortex is associated with the analysis of facial information according to social norms. In addition, Singer and colleagues [13] reported that caudal anterior cingulate cortex activity persisted in individuals who were subjected to painful stimuli or saw others in pain. Activation of the caudal anterior cingulate cortex is also induced by actionrelated judgment about humans relative to the one about dogs [14] . Taken together, these findings imply that the caudal anterior cingulate cortex is related to conspecific Correlation between anterior cingulate cortex activities and support from family members or companion dogs. (a) Brain activity correlated with the Scale of Expectancy for Social Support (SESS) scores for human family members is shown in green.This activity was signi¢cant during human familial face recognition in the caudal anterior cingulate cortex (cACC) after a small volume correction (Po0.05). Brain activity correlated with the Animal Companionship and Support Scale (ACSS) scores is shown in red. This activity was signi¢cant in the rostroventral anterior cingulate cortex (rvACC) at a cluster-level corrected threshold for the whole brain (Po0.05). The SESS-correlated activity was thresholded at uncorrected Po0.025, and the ACSS-correlated activity was thresholded at uncorrected Po 0.005 for display purposes. (b) The rostroventral anterior cingulate cortex activity during family dog recognition was signi¢cantly correlated with the ACSS score (r ¼ 0.805, Po0.001). (c) The caudal anterior cingulate cortex activity during familial human recognition was positively correlated with the SESS score (r ¼ 0.639, P ¼ 0.006).
cognitive analysis, which may realize complex social interactions and empathy in humans.
Conclusion
The current study has clarified the representations of species-general and species-specific social cognition. The rostroventral anterior cingulate cortex and caudal anterior cingulate cortex appear to represent different levels of social cognition. Consistent with this, Somerville and colleagues recently showed that the rostroventral anterior cingulate cortex was associated with emotional evaluation, whereas the caudal anterior cingulate cortex was related to cognitive conflicts in social acceptance/rejection judgment based on face recognition [12] . Thus, the rostroventral anterior cingulate cortex is probably associated with fundamental aspects of social cognition, which are closely related to affection. This function appears to apply to interspecies interactions without involving complex cognitive analysis. By contrast, the caudal anterior cingulate cortex might be related to higher-order social cognition, involving analyses of profit-and-loss and social norms. Thus, balancing the judgment of cognitive analysis and emotional intuition seems crucial for social interactions.
